1. Introduction {#sec1}
===============

Calprotectin, a non-covalent heterodimer of S100A8 (A8) and S100A9 (A9) subunits, is an abundant cytosolic neutrophil protein \[[@bib1]\]. It is released from neutrophils when they are activated, disrupted, or when they die \[[@bib2], [@bib3], [@bib4]\]. Calprotectin plays an important role in the innate immune response of humans by strongly chelating trace metal ions that are essential for bacterial growth \[[@bib5], [@bib6], [@bib7], [@bib8]\]. It can also act as an alarmin by modulating the inflammatory response after its release \[[@bib9]\]. Extracellular levels of calprotectin increase during infection and inflammation, and are used as a biomarker of neutrophil activation in many inflammatory diseases \[[@bib10], [@bib11], [@bib12], [@bib13], [@bib14], [@bib15], [@bib16], [@bib17]\].

The calprotectin subunits, A8 and A9, are S100 proteins. This family of proteins is composed of two EF-hand motifs. The N-terminal motif, comprising helices I and II, and the C-terminal motif, with helices III and IV, are separated by a flexible linker and provide two calcium-binding sites \[[@bib18]\]. A8 and A9 subunits typically assume a non-covalent heterodimeric structure (A8/A9) *in vivo* \[[@bib19]\], but at increased calcium concentrations the (A8/A9)~2~ heterotetramer is specifically formed \[[@bib20]\]. In addition to the calcium-binding sites, there are two binding sites for transition metal ions at the A8/A9 heterodimer interface. Site one is the His3Asp motif which is comprised of His83 and His87 of the A8 monomer, and His20 and Asp30 of the A9 monomer. Site two is a hexahistidine (His6) motif comprising A8 residues His17 and His27, and A9 residues His91 and His95. The His103 and His105 of the A9 C-terminal tail complete an octahedral coordination sphere. Several studies have demonstrated that calprotectin binds various first row transition metal ions such as Mn(II) \[[@bib21]\], Zn(II) \[[@bib8]\], Cu(II) \[[@bib5]\], Ni(II) \[[@bib6]\], Fe(II) \[[@bib7]\], and Co(II) \[[@bib8]\] with strong affinity, ultimately leading to inhibition of bacterial growth. In addition, under conditions of high calcium, tetramer formation further enhances the affinity for transition metals \[[@bib8],[@bib21]\].

Each calprotectin subunit contains a single cysteine residue, which in the heterodimer are in close proximity ([Fig. 1](#fig1){ref-type="fig"}) \[[@bib22]\]. A disulfide-mediated cross-link between A8 and A9 subunits may occur at inflammatory sites when neutrophils produce oxidants. Neutrophils generate superoxide, hydrogen peroxide, and hypochlorous acid as an essential part of the innate immune response to invading pathogens \[[@bib23]\]. The neutrophil\'s NADPH oxidase reduces molecular oxygen to superoxide, which dismutates to hydrogen peroxide, and in turn is converted to hypochlorous acid by myeloperoxidase (MPO) \[[@bib24]\]. Neutrophil-derived MPO also uses hydrogen peroxide to catalyse the oxidation of other halides such as bromide, iodide, and the pseudohalide thiocyanate to generate their respective hypohalous acids \[[@bib25],[@bib26]\]. As well as aiding in killing of phagocytosed pathogens, hypochlorous acid reacts with a wide range of biological molecules such as proteins, carbohydrates, lipids, and nucleic acids \[[@bib27],[@bib28]\]. As a result, excessive or misplaced activation of neutrophils damages host tissues. MPO-derived oxidants contribute to the pathogenesis of various inflammatory diseases such as inflammatory bowel disease (IBD) \[[@bib29]\], cystic fibrosis (CF) \[[@bib30]\], rheumatoid arthritis \[[@bib31]\], cardiovascular disease \[[@bib32]\], and chronic obstructive pulmonary disease \[[@bib33]\].Fig. 1**Calprotectin heterodimer of A8 and A9 subunits**. Cysteine residues on A8 (green) and A9 (blue) are highlighted in yellow. Image produced using PyMOL and Protein Data Bank ID: 4XJK. Thr1 and Cys2 were manually added to the A9 N-terminal as this data was not available. In addition, the Ser42 of A8 was changed to a Cys using the mutagenesis function in PyMOL. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)Fig. 1

Calprotectin is a likely target for oxidation due to its co-localisation with neutrophil-derived oxidants at sites of infection and inflammation. Indeed, in clinical samples from patients with asthma or CF, oxidation-sensitive cysteine and methionine residues were found to be oxidized to cysteine sulfinic acid and sulfonic acid, and methionine sulfoxide and dehydromethionine, respectively \[[@bib34],[@bib35]\]. Cysteine residues are especially susceptible to oxidation by hypochlorous acid \[[@bib36]\], resulting in formation of sulfenic acid, which readily reacts with nearby thiol groups to form disulfides \[[@bib37],[@bib38]\]. Alternatively, at high oxidant concentrations over-oxidation of cysteine residues produces the corresponding sulfinic (RSO~2~H) or sulfonic acids (RSO~3~H) \[[@bib28],[@bib37]\]. We previously demonstrated that reversible cross-linking of calprotectin subunits occurs when calprotectin is treated with low doses of reagent hypochlorous acid (one or two-fold molar excess) \[[@bib34]\]. The specific residues involved in the cross links were not characterized. When oxidized by hypochlorous acid, calprotectin also lost its ability to inhibit bacterial growth \[[@bib34]\]. Consequently, the impact of hypochlorous acid-mediated oxidation and disulfide-bond formation on calprotectin\'s function at sites of inflammation warrants further investigation.

Our objectives for this study were to investigate whether reversible cross-linking of calprotectin occurs at sites of infection and inflammation, characterize the chemical nature of cross-linking by neutrophil-derived oxidants, and assess whether cross-linking affects the structure and function of calprotectin.

2. Methods {#sec2}
==========

2.1. Materials {#sec2.1}
--------------

*Staphylococcus (S.) aureus* strain 502a (ATCC 27217) was obtained from the New Zealand Communicable Disease Centre. Hypochlorous acid (ε~292~ = 350 M^−1^ cm^−1^ at pH 12 \[[@bib39]\]) was purchased as commercial chlorine bleach from Sara Lee Household and Body Care NZ Ltd (Auckland, New Zealand). Hydrogen peroxide (ε~240~ = 43.6 M^−1^ cm^−1^ \[[@bib40]\]) was purchased from BioLab (Victoria, Australia). Diphenyleneiodonium chloride (DPI), superoxide dismutase (SOD) from bovine erythrocytes, *N*-ethylmaleimide (NEM), iodoacetamide (IAM), [l]{.smallcaps}-methionine, *N*-formyl-methionylleucylphenylalanine (fMLP), phorbol 12-myristate 13-acetate (PMA), cytochalasin B, lactoperoxidase (LPO) from bovine milk, catalase from bovine liver, and protease inhibitors were purchased from Sigma (St Louis, MO, USA). 3-Isobutyl-2-thioxo-7*H*-purin-6-one (TX1) was a gift from AstraZeneca (Uppsala, Sweden). Ficoll-Paque, from GE Healthcare (Buckinghamshire, United Kingdom) and dextran from *Leuconostoc mesenteroides*, av. mol. wt. 150,000 from Sigma, were used for isolation of neutrophils. Chelex-100 Resin was from Bio-Rad Laboratories (Hercules, CA, USA). Dynabeads^®^ Protein G were purchased from Invitrogen (Norway). Enhanced chemiluminescence reagent, ECL™ plus was purchased from GE Healthcare (Buckinghamshire, United Kingdom). All other chemicals were of analytical grade. For neutrophil preparations buffy coats were purchased from the New Zealand Blood Service, or blood was obtained from healthy human volunteers with informed consent and with ethical approval from the Southern Health and Disability Ethics Committee, New Zealand (reference: URA/06/12/083/AM05).

2.2. Calprotectin-specific immunoblot analysis of clinical samples {#sec2.2}
------------------------------------------------------------------

Bronchoalveolar lavage (BAL) fluid samples were obtained from children with CF by the Australian Respiratory Early Surveillance Team for Cystic Fibrosis (AREST CF, Perth, WA, Australia). Children underwent an annual assessment including clinical evaluation, measurement of lung function, BAL for assessing pulmonary inflammation and infection, and markers of oxidative stress \[[@bib41]\]. The AREST CF surveillance program was approved by the local ethics committee and parents consented to each aspect of the program separately. The details of the AREST CF surveillance program have been previously published \[[@bib41]\]. Saline washings from the lungs of adults undergoing routine bronchoscopy at Christchurch Hospital for diagnosis of a lung infection or lung cancer were collected and analyzed with the approval of the Health and Disability Ethics Committee, New Zealand (reference: 17/NTA/5). During the routine procedure, 10--20 ml of saline was passed down the bronchoscope tube into the parts of the lung of interest and was sucked back through the bronchoscope into a specimen jar. Saliva samples were also collected from healthy volunteers with verbal consent. The saliva sample was collected into a sterile 50 ml centrifuge tube after a single 20 sec mouth wash with 20 ml of water. Clinical details of the healthy salvia donors and patients with respiratory disease are given in [Supplementary Table 1](#appsec1){ref-type="sec"}. None of the subjects had diabetes.

The alkylating reagent NEM (20 mM) was immediately added to an aliquot of all clinical samples to block thiol residues and prevent their oxidation *ex vivo*. Samples were centrifuged and the supernatants stored at −80 °C until analysis. The protein concentration of each sample was measured using Direct Detect™ (Merck, Darmstadt, Germany). All of the clinical samples were resolved by 4--20% gradient SDS-PAGE, with equal amounts of total protein loaded per lane, in the absence or presence of 100 mM DTT. Proteins were then transferred electrophoretically to a 0.45 μm polyvinylidene difluoride (PVDF) membrane at 100 V for 60 min. The membrane was blocked with 5% (w/v) fat free milk powder in Tris-buffered saline (TBS)/0.05% (v/v) Tween-20, and then immunoblotted with antibodies to calprotectin. Protein bands were developed using enhanced chemiluminescence reagent (GE Healthcare, Buckinghamshire, United Kingdom) following manufacturer\'s instructions and visualized using the UVITEC Cambridge Alliance Western blot documentation system (Cambridge, United Kingdom).

Polyclonal rabbit anti-calprotectin serum was raised in the Canterbury Research Laboratories according to a previous protocol for production of an anti-MPO serum \[[@bib42]\]. Calprotectin antibody was purified from an ammonium sulfate precipitation of rabbit anti-serum using Dynabeads^®^ Protein G.

2.3. Preparation of *S. aureus* for phagocytosis experiments {#sec2.3}
------------------------------------------------------------

*S. aureus* was cultured overnight in 3% (w/v) trypticase soy broth, harvested by centrifugation, washed with PBS, and resuspended in Hank\'s balanced saline solution (HBSS). *S. aureus* cell density was measured spectrophotometrically at 550 nm and bacterial cell numbers were calculated using a standard curve based on colony forming unit counts. All bacteria were opsonised with 10% autologous human serum and slowly rotated (end-over-end) for 20 min at 37 °C. Opsonised bacteria were washed in PBS, resuspended in HBSS and immediately added to human neutrophils.

2.4. Isolation of human neutrophils {#sec2.4}
-----------------------------------

Neutrophils were isolated from heparinized peripheral blood of healthy adult donors, obtained with informed consent and the approval of the Southern Health and Disability Ethics Committee, New Zealand. Neutrophil isolation was performed at room temperature using the modified method of Boyum et al. \[[@bib43]\]. Modification of the method included dextran (final concentration of 1%) sedimentation of erythrocytes followed by Ficoll density gradient separation of white blood cells. Contaminating red cells were removed by hypotonic lysis. Neutrophils were resuspended in HBSS. Percentages of dead cells and contaminating peripheral blood mononuclear cells were ≤5%, as routinely tested by flow cytometry.

2.5. Oxidation of calprotectin by stimulated neutrophils {#sec2.5}
--------------------------------------------------------

Neutrophils (10^7^/ml) were pre-incubated in the absence or presence of 1 mM methionine, 10 μM DPI, 10 μM TX1, 20 μg/ml catalase, or 20 μg/ml SOD for 5 min at room temperature prior to stimulation. An equivalent volume of opsonised *S. aureus* (2 × 10^8^/ml) in HBSS or HBSS alone (control) was added to the neutrophils. All samples were slowly rotated end-over-end for 1 h at 37 °C. Neutrophils were then pelleted by centrifugation at 450*g*. Protease inhibitors and 20 mM NEM were added to the supernatant (extracellular fraction). The cell pellet was washed and resuspended in PBS containing 20 mM NEM and protease inhibitors. Neutrophil cells were lysed using three freeze-thaw lysis cycles, with vortexing between each cycle. The supernatant (intracellular fraction) was collected after centrifugation at 20,000 g for 10 min at 4 °C to remove any cell debris. Extracellular and intracellular proteins were separated by 4--20% gradient SDS-PAGE in the absence or presence of 100 mM DTT and immunoblotted with antibodies to calprotectin.

2.6. Purification of calprotectin from human neutrophils {#sec2.6}
--------------------------------------------------------

Calprotectin was purified from the cytosol of human neutrophils obtained by nitrogen cavitation using a two-step ion exchange method as described previously \[[@bib44]\]. Purified protein was characterized using SDS-PAGE and immunoblotting with antibodies to calprotectin, and LC-MS.

2.7. Preparation of oxidants {#sec2.7}
----------------------------

Hypochlorous acid (HOCl) was prepared by adding 50 μl of chlorine bleach to 950 μl of deionised water while vortexing. The concentration of hypochlorous acid was determined by 1:10 dilution in 200 mM potassium hydroxide and measurement of its absorbance at 292 nm (extinction coefficient (ε) of OCl^−^ at 292 nm = 350 M^−1^ cm^−1^). The stock solution was diluted in PBS before use. Hypothiocyanous acid (HOSCN) was prepared enzymatically using bovine LPO at 4 °C. LPO (2 μM) was added to sodium thiocyanate (NaSCN) (7.5 mM) in 10 mM potassium phosphate buffer (pH 6.6), and hydrogen peroxide (0.75 mM) was added four times, at 1 min intervals, to generate approximately 2 mM HOSCN. The concentration of HOSCN was determined immediately using 5-thio-2-nitrobenzoic acid (TNB) as described previously \[[@bib45]\] and used within half an hour of preparation.

2.8. Oxidation of calprotectin by neutrophil-derived oxidants {#sec2.8}
-------------------------------------------------------------

Calprotectin (5 μM) was treated with equal volumes of various concentrations of hypochlorous acid while vortexing. Samples were incubated at room temperature for 10 min and reactions were stopped by addition of excess methionine (1 mM). Similarly, calprotectin (5 μM) was treated with 10 μM hydrogen peroxide (H~2~O~2~), 2.5 mM taurine, 10 μM hypochlorous acid (HOCl), 10 μM taurine chloramine, or 50 nM MPO and 10 μM H~2~O~2~ in the presence of either 140 mM sodium chloride (NaCl), 5 mM sodium bromide (NaBr) or 5 mM NaSCN for 20 min at room temperature. Reactions were stopped by the addition of 0.5 μg/ml catalase. Proteins were separated by 4--20% gradient SDS-PAGE in the absence or presence of 100 mM DTT and stained with Coomassie Blue.

2.9. Molecular mass determination of cross-linked calprotectin by LC-MS {#sec2.9}
-----------------------------------------------------------------------

Calprotectin (10 μM) and calprotectin oxidized with a two or ten-fold molar excess of hypochlorous acid or hypothiocyanous acid were analyzed by LC-MS using a Dionex UltiMate 3000 HPLC system coupled inline to an electrospray ionization source of a Velos Pro mass spectrometer (Thermo Scientific, Waltham, MA, USA). Samples containing 0.65 μg calprotectin were injected onto an Accucore-150-C4 HPLC column (50 mm × 2.1 mm, 2.6 μm; Thermo Scientific) and were analyzed by intact protein LC-MS as described previously \[[@bib46]\]. Briefly, mass spectra were acquired between *m*/*z* 410 and 2000 in positive-ion mode. Spectra were averaged over the full length of each protein peak and deconvoluted to yield the molecular masses using ProMass for Xcalibur (Version 2.8; Novatia LLC). The accuracy of the deconvoluted masses was observed to be ±5 Da when compared with the theoretical mass.

2.10. Characterization of peptides involved in reversible calprotectin cross-linking by LC-MS/MS {#sec2.10}
------------------------------------------------------------------------------------------------

Calprotectin (10 μM) was treated with or without a two or ten-fold molar excess of hypochlorous acid. Iodoacetamide (20 mM) was added to block thiols and incubated for 20 min at room temperature and protected from light. Then trypsin (0.5 μg) was added and samples were incubated overnight at 37 °C. For analysis of tryptic peptides, samples were injected onto a Hypercarb column (100 mm × 2.1 mm, 5 μm; Thermo Scientific) and samples were analyzed by LC-MS/MS as described previously \[[@bib46]\]. Chromatograms were post-acquisition filtered for the most intense ion representing the A8 and A9 tryptic peptides ([Supplementary Table 2](#appsec1){ref-type="sec"}). The resulting peaks were integrated to obtain the area under the curve (AUC). The AUC of each peak was normalized to the AUC of a peptide that was unaffected by hypochlorous acid treatment. The normalizing peptides for A8 and A9 were YSLIK (\[M+2H\]^2+^ = 312.19 m/z) and LGHPDTLNQGEFK (\[M+2H\]^2+^ = 728.68 m/z), respectively. Collision-induced dissociation (CID)-MS/MS spectra confirmed the amino acid sequence of calprotectin tryptic peptides. The predicted mass of the ^Ac^TCK-^Ac^TCK cross link (782.32 Da) was determined, and the singly, doubly and triply charged ions (\[M + H\]^+^ = 783.32 m/z, \[M + 2H\]^2+^ = 392.16 m/z, \[M + 3H\]^3+^ = 261.77 m/z, respectively) were searched for manually. The doubly charged precursor ion \[M + 2H\]^2+^ with an *m*/*z* of 392.16 was detected and subjected to CID fragmentation. The predicted mass of the ^Ac^TCK-LLETECPQYIR cross link (1753.84 Da) was also determined, and the singly, doubly and triply charged ions (\[M + H\]^+^ = 1754.84 m/z, \[M + 2H\]^2+^ = 877.92 m/z, \[M + 3H\]^3+^ = 585.61 m/z, respectively) were searched for manually. The triply charged precursor ion \[M + 3H\]^3+^ with an *m*/*z* of 585.61 was detected and subjected to CID fragmentation. The AUC of each cross-link peak was determined and normalized as described above.

2.11. Estimation of the rate constant for reaction of hypochlorous acid reacting with cysteine residues on calprotectin {#sec2.11}
-----------------------------------------------------------------------------------------------------------------------

The rate constant for reaction of hypochlorous acid with the cysteine residue on A9 of calprotectin was estimated by determining the extent to which free methionine inhibited cross-linking of calprotectin. Calprotectin (10 μM) was incubated with a range of methionine concentrations (0--160 μM) followed by addition of 5 μM hypochlorous acid while vortexing. Samples were incubated at room temperature for 10 min before being resolved by SDS-PAGE and stained with Coomassie Blue. Densitometry analysis of dimeric bands was carried out using UVIBand Max software from UVITEC Cambridge (Cambridge, United Kingdom). The methionine concentrations required to inhibit A9-A9 and A8-A9 dimers by 50% were determined. At these concentrations it was assumed that hypochlorous acid reacted equally with Cys2 and free methionine such that$$k_{Cys2}\text{[Calprotectin]} = k_{\text{(HOCl} + \text{Methionine)}}\text{[Methionine]}$$$$\text{or}\quad k_{Cys2} = k_{\text{(HOCl} + \text{Methionine)}}\text{[Methionine]/[Calprotectin]}$$

2.12. Characterization of the quaternary structure by analytical ultracentrifugation {#sec2.12}
------------------------------------------------------------------------------------

Analytical ultracentrifugation experiments were conducted in a Beckman model XL-I instrument (Indiana, USA) at 20 °C. The protein samples were analyzed at a concentration of 0.11 mg/ml in PBS, pH 7.4. Sample (380 μl) and PBS (400 μl) were loaded into separate sectors of the same quartz cell and mounted in a Beckman 8-hole An-50 Ti rotor. Samples were centrifuged at a rotor speed of 50,000 rpm. Data were collected at a single wavelength (226 nm) in continuous mode, using a step-size of 0.003 cm without averaging. Sedimentation velocity data at multiple time points were fitted to a continuous sedimentation-coefficient model \[[@bib47],[@bib48]\] using the program SEDFIT, which is available from [www.analyticalultracentrifugation.com](http://www.analyticalultracentrifugation.com){#intref0010}. The calculated sedimentation coefficient was then used to estimate the molecular mass of the species using SEDFIT software. Where multiple species were present, the frictional ratio for each was assumed to be the same. The parameters for solvent density (1.006 g/ml at 20 °C) and viscosity (0.01002 p), and the partial specific volume of the protein (0.73 ml/g) were calculated using SEDNTERP \[[@bib49]\].

2.13. Isolation of neutrophil granule extract {#sec2.13}
---------------------------------------------

Isolated neutrophils (2 × 10^7^/ml) in HBSS were treated with 10 μM DPI and 5 μg/ml cytochalasin B and incubated for 10 min at 37 °C while rotating. Following incubation, 1 μM fMLP was added and the neutrophil suspension was incubated for a further 20 min at 37 °C. The cell pellet was harvested by centrifugation at 500*g* for 5 min at 4 °C. The supernatant containing the neutrophil granule proteins was collected and the protein content was determined by Direct Detect™. The neutrophil granule extract (NGE) was stored at −80 °C.

2.14. Protein digestion by a neutrophil granule extract {#sec2.14}
-------------------------------------------------------

Protein samples were digested with NGE using a ratio of 1 μg NGE protein:20 μg calprotectin for 0--4 h at 37 °C. Digestion was stopped by the addition of 0.6% formic acid. Samples containing 0.65 μg calprotectin were subjected to intact protein LC-MS as described above. The AUC of the protein peak was determined and expressed relative to the AUC at the zero time point for each treatment. Protein species were not resolved with this chromatographic method and the protein peak therefore represented total undigested calprotectin. Undigested species eluting in this peak were determined by deconvolution as described in section [2.9](#sec2.9){ref-type="sec"} and shown in [Fig. 5](#fig5){ref-type="fig"}.

2.15. Statistics {#sec2.15}
----------------

Graphs were plotted and statistical analysis was performed using GraphPad Prism version 7.00 (GraphPad Software, La Jolla, CA, USA). Differences between groups were determined using one-way ANOVA with Dunnett\'s multiple comparison test with \* indicating a significant difference (p \< 0.05) when compared to the control.

3. Results {#sec3}
==========

3.1. Reversible calprotectin cross-linking occurs in physiological and pathological situations {#sec3.1}
----------------------------------------------------------------------------------------------

To determine whether calprotectin is reversibly cross-linked *in vivo*, human saliva samples and samples containing activated neutrophils were analyzed by SDS-PAGE in the absence or presence of the reducing agent DTT, and immunoblotted with antibodies to calprotectin ([Fig. 2](#fig2){ref-type="fig"}). Immunoblots were overexposed so that the A9-A9 and A8-A9 dimer bands could be seen clearly. This resulted in poor resolution of the A8 and A9 monomeric bands, due to their higher concentration and the higher affinity of the antibody for the monomeric subunits. The samples analyzed included saliva from healthy adults ([Fig. 2](#fig2){ref-type="fig"}A), BAL from children with CF ([Fig. 2](#fig2){ref-type="fig"}B), and saline washings from the lungs of adults with respiratory infections ([Fig. 2](#fig2){ref-type="fig"}C) or lung cancer ([Fig. 2](#fig2){ref-type="fig"}D). The calprotectin monomeric subunits A8 (10.8 kDa) and A9 (13.2 kDa) were clearly detected in all but one of the samples analyzed ([Fig. 2](#fig2){ref-type="fig"}D, donor 4). Under non-reducing conditions, bands corresponding to covalently bound A8-A9 (24 kDa) dimers were detected in the majority of samples. Saliva contains high levels of lactoperoxidase and thiocyanate. As a result, hypothiocyanous acid is the predominant oxidant formed in saliva \[[@bib50], [@bib51], [@bib52]\]. Thus, the cross-linking detected in the saliva samples was most likely mediated by hypothiocyanous acid produced by lactoperoxidase. Alternatively, hypochlorous acid, generated by activated neutrophils was likely to promote cross-linking in the other samples analyzed. Bands corresponding to A9-A9 (26 kDa) dimers were clearly evident only in the CF samples ([Fig. 2](#fig2){ref-type="fig"}B). These dimers were lost when the samples were reduced with DTT, and there was an associated increase in intensity of the bands corresponding to the monomeric calprotectin subunits. In addition, calprotectin was attached to other higher molecular mass proteins, which, like the dimers, were predominantly lost upon reduction with DTT. The variation in band intensities between the non-reduced and reduced forms of the protein is most likely explained by the differing affinity of the antibody for the various calprotectin species. However, we can conclude that reversibly cross-linked calprotectin was present in the clinical samples, supporting the involvement of a disulfide bond in the cross links.Fig. 2**Calprotectin is reversibly cross-linked *in vivo***. *Anti*-calprotectin immunoblots of **(A)** saliva samples (50 μg total protein per lane) from healthy adults, **(B)** bronchoalveolar lavage fluid samples (4 μg total protein per lane) from children with cystic fibrosis, **(C)** saline washings (10 μg total protein per lane) from the lungs of adults with respiratory infections, and **(D)** saline washings (10 μg total protein per lane) from the lungs of adults with lung cancer. All samples were treated with NEM to prevent artefactual oxidation at the time of sampling and resolved by SDS-PAGE using 4--20% gradient pre-cast gels in the absence or presence of 100 mM DTT prior to immunoblotting with antibodies to calprotectin. Immunoblots were overexposed to enable clear visualization of the dimer bands. These are representative images of at least two separate experiments.Fig. 2

3.2. Reversible cross-linking of calprotectin occurs after its release from neutrophils and is dependent on NADPH-oxidase and myeloperoxidase {#sec3.2}
---------------------------------------------------------------------------------------------------------------------------------------------

To test whether calprotectin cross-linking occurs within neutrophils or after it\'s released it into the extracellular medium neutrophils were stimulated and separated into intracellular and extracellular fractions, which were then resolved by SDS-PAGE and immunoblotted with antibodies to calprotectin. Cross-linked calprotectin was clearly observed in the extracellular samples, shown by detection of a band corresponding to the A8-A9 heterodimer (24 kDa) ([Fig. 3](#fig3){ref-type="fig"}A and B). No dimers were detected in the presence of methionine, an extracellular scavenger of oxidants, which suggested that cross-linking was mediated by an oxidant. In comparison, minimal cross-linked calprotectin was observed in the intracellular samples. The heterodimeric band was also detected in the extracellular samples from untreated neutrophils ([Fig. 3](#fig3){ref-type="fig"}A), suggesting that some background stimulation occurred due to the purification or the conditions of the experiment, i.e. incubation of the neutrophils at 37 °C for 1 h with end-over-end rotation. However, PMA promoted more extensive extracellular cross-linking as shown by detection of additional higher molecular mass bands above 25 kDa. Reduction of the samples with DTT indicated that a substantial proportion of PMA-stimulated extracellular calprotectin cross-linking was reversible but some irreversible cross-linked bands remained after reduction ([Fig. 3](#fig3){ref-type="fig"}C). When neutrophils phagocytosed *S. aureus*, all of the dimers were reduced by DTT ([Fig. 3](#fig3){ref-type="fig"}D).Fig. 3**Reversible cross-linking of calprotectin released by neutrophils is dependent on NADPH-oxidase and myeloperoxidase.** Neutrophils (10^7^/ml) were stimulated with 100 ng/ml PMA **(A, C, E)** or *S. aureus* (SA) (2 × 10^8^/ml) **(B, D, F)** for 1 h at 37 °C. **(A, B)** Neutrophils were pre-treated with or without 1 mM methionine prior to stimulation. **(C, D)** Samples were resolved with or without 100 mM DTT after incubation. **(E, F)** Neutrophils were pre-treated with 10 μM DPI, 10 μM TX1, 1 mM methionine (Met), 20 μg/ml catalase (Cat), or 20 μg/ml SOD prior to stimulation. Samples were resolved by SDS-PAGE using 4--20% gradient pre-cast gels and immunoblotted with antibodies to calprotectin. All immunoblots are representative images of three separate experiments.Fig. 3

To determine whether calprotectin cross-linking was dependent on hypochlorous acid generated via MPO, neutrophils were pre-treated with a range of inhibitors prior to stimulation with PMA ([Fig. 3](#fig3){ref-type="fig"}E) or phagocytosis of *S. aureus* ([Fig. 3](#fig3){ref-type="fig"}F). DPI was used to inhibit the NADPH-oxidase, TX1 to inactivate MPO, methionine to scavenge hypochlorous acid, catalase to degrade hydrogen peroxide, and SOD to scavenge superoxide. DPI, TX1 and methionine all inhibited extracellular calprotectin cross-linking, indicating that MPO-derived production of hypochlorous acid promoted cross-linking of calprotectin. Catalase inhibited cross-linking back to control levels when neutrophils phagocytosed *S. aureus* ([Fig. 3](#fig3){ref-type="fig"}F). However, significant cross-linking was still detected when PMA-stimulated neutrophils were pre-treated with catalase ([Fig. 3](#fig3){ref-type="fig"}E). This result suggests that only low concentrations of oxidants are required to cross-link extracellular calprotectin. SOD failed to inhibit calprotectin cross-linking in both instances ([Fig. 3](#fig3){ref-type="fig"}E and F). Together these results confirm that calprotectin was cross-linked reversibly when it was released from neutrophils, and it required extracellular production of hypochlorous acid.

3.3. Hypochlorous acid and other reactive halogen species promote cross-linking of calprotectin {#sec3.3}
-----------------------------------------------------------------------------------------------

To determine the susceptibility of calprotectin to cross-linking by hypochlorous acid, the purified protein was treated with increasing doses of reagent hypochlorous acid. The oxidized protein was then analyzed by SDS-PAGE ([Fig. 4](#fig4){ref-type="fig"}A and B). Cross-linking was observed with as little as 1 mol of hypochlorous acid per mole of calprotectin. Increasing doses of hypochlorous acid promoted increasing degrees of cross-linking ([Fig. 4](#fig4){ref-type="fig"}A and B). Under non-reducing conditions and lower doses of hypochlorous acid (≤2 x molar excess), two bands were observed at approximately 26 kDa and 24 kDa ([Fig. 4](#fig4){ref-type="fig"}A). As the concentration of hypochlorous acid increased, the 24 kDa band predominated. The 26 kDa band was also present with no hypochlorous acid treatment, which suggested that some of the purified protein was already oxidized. Molecular masses of 26 kDa and 24 kDa can be attributed to A9-A9 homodimers and A8-A9 heterodimers, respectively. The A9-A9 and A8-A9 bands were predominantly reducible at lower doses of hypochlorous acid (≤2 x molar excess) but irreversibly cross-linked bands were apparent at a 5:1 or higher molar ratio of hypochlorous acid to calprotectin ([Fig. 4](#fig4){ref-type="fig"}B).Fig. 4**Reactive halogen species promote cross-linking of calprotectin. (A, B)** Calprotectin (5 μM) was treated with increasing concentrations of hypochlorous acid (HOCl) (0--100 μM) in PBS for 10 min at room temperature. Reactions were stopped by the addition of 1 mM methionine. Proteins were separated by 15% SDS-PAGE gels (made in-house) in the **(A)** absence or **(B)** presence of 100 mM DTT and stained with Coomassie Blue. **(C, D)** Calprotectin (Cal) (5 μM) was treated with or without 10 μM hydrogen peroxide (H~2~O~2~), 2.5 mM taurine, 10 μM HOCl, 10 μM taurine chloramine, or 50 nM MPO and 10 μM H~2~O~2~ in the presence of either 140 mM sodium chloride (Cl^−^), 5 mM sodium bromide (Br^−^) or 5 mM sodium thiocyanate (SCN^−^) in 50 mM phosphate buffer for 20 min at room temperature. Proteins were separated by 4--20% gradient SDS-PAGE pre-cast gels in the **(C)** absence or **(D)** presence of 100 mM DTT and stained with Coomassie Blue. All SDS-PAGE gels are representative images of three separate experiments.Fig. 4Fig. 5**Molecular masses of calprotectin cross-linked by hypochlorous acid or hypothiocyanous acid.** Calprotectin (10 μM) was treated with a 2 or 10 x molar excess of hypochlorous acid (HOCl) or hypothiocyanous acid (HOSCN) for 20 min at room temperature. Aliquots of each treatment were injected for analysis by LC-MS. Spectra recorded over the full width of the protein peak were averaged and deconvoluted. A representative deconvoluted spectrum is shown for **(A, B)** calprotectin, and calprotectin treated with **(C)** 2 x HOCl, **(D)** 2 x HOSCN, **(E)** 10 x HOCl or **(F)** 10 x HOSCN. A8 = S100A8, A9 = S100A9, A9T = truncated S100A9, A12 = S100A12, O = oxygen. Data are representative of at least three separate experiments.Fig. 5

Next we tested whether other neutrophil-derived oxidants promote calprotectin cross-linking. Hydrogen peroxide alone did not promote cross-linking of calprotectin at the concentrations used in this study ([Fig. 4](#fig4){ref-type="fig"}C). A two-fold molar excess of hypochlorous acid, hypobromous acid, and taurine chloramine promoted formation of two separate dimeric cross links corresponding to A9-A9 homodimers (26 kDa) and A8-A9 heterodimers (24 kDa) in approximately equal amounts. Interestingly, treatment of calprotectin with a two-fold molar excess of hypothiocyanous acid promoted formation of two cross links that ran slightly lower on the SDS-PAGE gel than the dimers formed by the other oxidants. Also, in contrast to the other oxidants, the lower dimer was the major product. The position of the two bands formed with hypothiocyanous acid suggested that the cross links had lower molecular masses than those generated by the other oxidants. All of the cross-linking observed was predominantly reversible ([Fig. 4](#fig4){ref-type="fig"}D) indicating that the cross links were formed by disulfide bonds.

Intact protein LC-MS was used to establish the molecular masses of cross-linked calprotectin induced by hypochlorous acid or hypothiocyanous acid ([Fig. 5](#fig5){ref-type="fig"}). A representative deconvoluted mass spectrum is shown for untreated calprotectin ([Fig. 5](#fig5){ref-type="fig"}A and B), and calprotectin oxidized with hypochlorous acid ([Fig. 5](#fig5){ref-type="fig"}C and E) or hypothiocyanous acid ([Fig. 5](#fig5){ref-type="fig"}D and F). Untreated calprotectin contained two major molecular mass species corresponding to A8 (10,836.6 Da) and full length A9 (13,155 Da). The two minor peaks correspond to the truncated A9 isoform (12,690 Da) and S100A12 (A12) (10,445.1 Da). In accordance with the SDS-PAGE results, treatment of calprotectin with a two-fold molar excess of hypochlorous acid showed formation of both A9-A9 homodimers (26,312.9 Da) and A8-A9 heterodimers (23,989.9 Da) ([Fig. 5](#fig5){ref-type="fig"}C). Calprotectin treated with a ten-fold molar excess of hypochlorous acid formed predominantly the A8-A9 heterodimer, as well as further oxidation of calprotectin monomers and dimers shown by addition of oxygen atoms ([Fig. 5](#fig5){ref-type="fig"}E). Fragmentation of the protein was also observed, as indicated by detection of several lower molecular mass species (\<10,000 Da). Calprotectin treated with a two or ten-fold molar excess of hypothiocyanous acid formed the A8-A9 heterodimer without other discernible modifications ([Fig. 5](#fig5){ref-type="fig"}D and F). Despite the dimer band running lower on the SDS-PAGE gel ([Fig. 4](#fig4){ref-type="fig"}C), the LC-MS results confirmed that band was in fact the A8-A9 heterodimer ([Fig. 5](#fig5){ref-type="fig"}D and F). When the concentration of calprotectin was four-fold greater than that of hypothiocyanous acid, the A9-A9 cross-link predominated (data not shown).

Collectively, these results demonstrate that hypohalous acids reversibly cross-link calprotectin via disulfide bonds between A8 and A9. A9-A9 cross links predominate at low oxidant to protein ratios but give way to mainly A8-A9 cross links at high levels of oxidation.

3.4. Reversible calprotectin cross-linking occurs between cysteine residues {#sec3.4}
---------------------------------------------------------------------------

Residues involved in the calprotectin cross links were identified by digesting non-oxidized and oxidized protein with trypsin and then using LC-MS/MS to compare their tryptic peptide profiles. The possible peptides involved in the cross links were determined by identifying those that underwent significant loss with hypochlorous acid treatment compared to the control ([Supplementary Table 3](#appsec1){ref-type="sec"}). A significant loss was identified for the LLETECPQYIR peptide from A8, and the N-terminal TCK peptide from A9 (p \< 0.05) ([Fig. 6](#fig6){ref-type="fig"}A). These two peptides were completely recovered when calprotectin was treated with a two-fold molar excess of hypochlorous acid, then reduced with DTT ([Fig. 6](#fig6){ref-type="fig"}A). This result suggested involvement of a cysteine disulfide in A9-A9 homodimer and A8-A9 heterodimer formation. At a ten-fold molar excess of hypochlorous acid, less than 50% of the TCK and LLETECPQYIR peptides were recovered after the oxidized protein was reduced with DTT. There was no formation of the non-reducible oxidation states of cysteine, i.e. cysteine sulfinic or sulfonic acid on these peptides, therefore, it is likely that these peptides were also involved in irreversible cross-linking. Consistent with this result, non-reducible cross-linking was also observed by SDS-PAGE ([Fig. 4](#fig4){ref-type="fig"}B) and has previously been identified to contain a cysteine-lysine cross link \[[@bib53]\]. A loss of methionine-containing peptides with concomitant appearance of the methionine sulfoxide-containing peptides was also detected upon treatment with hypochlorous acid ([Supplementary Table 3](#appsec1){ref-type="sec"}). Albeit slower than cysteine and methionine; lysine, histidine, tyrosine and tryptophan residues also react with hypochlorous acid \[[@bib54], [@bib55], [@bib56], [@bib57]\]. Apart from the A9 peptide LTWASHEK no other peptides containing these reactive residues showed significant loss ([Supplementary Table 3](#appsec1){ref-type="sec"}), suggesting oxidative modifications on these residues were not major products. Tryptic peptides detected in untreated calprotectin covered the majority of the protein sequence, i.e. 73% and 63% of the A8 and A9 sequence, respectively ([Supplementary Fig. 1](#appsec1){ref-type="sec"}). It is possible that oxidation occurred on reactive residues in regions that were not detected by our method.Fig. 6**Characterization of calprotectin cross-linking after treatment with hypochlorous acid.** Calprotectin (10 μM) was treated with a 2 or 10 x molar excess of hypochlorous acid (HOCl). Samples were treated with 100 mM DTT, alkylated with IAM, digested with trypsin overnight at 37 °C and analyzed by LC-MS/MS. **(A)** The AUC for the LLETECPQYIR and TCK cysteine containing peptides (represented by ions with *m*/*z* values of 585.07 and 392.16, respectively) was determined and expressed relative to the untreated control. Differences between groups were determined using one-way ANOVA with Dunnett\'s multiple comparison test, \* indicates a significant difference (p \< 0.05) when compared to untreated calprotectin. **(B)** CID-MS/MS spectrum for the \[M + 2H\]^2+^ ion of the TCK-TCK disulfide-bonded peptide (392.16 m/z). **(C)** CID-MS/MS spectrum for the \[M + 3H\]^3+^ ion of the TCK-LLETECPQYIR disulfide-bonded peptide (585.07 m/z). Peptides in B and C were generated by treatment with 2 x HOCl, and a representative spectrum of three separate experiments is shown. The AUC of the peaks corresponding to the disulfide-bonded peptides **(D)** TCK-TCK and **(E)** TCK-LLETECPQYIR were determined and normalized to the AUC of the LGHPDTLNQGEFK peptide that was unaffected by hypochlorous acid treatment. Each bar represents the mean ± SD of three separate experiments.Fig. 6

To confirm that TCK-TCK (A9-A9) and TCK-LLETECPQYIR (A8-A9) disulfide cross links were formed, LC-MS/MS was used to specifically identify the cross-linked peptides in hypochlorous acid-treated calprotectin ([Fig. 6](#fig6){ref-type="fig"}B and C). Two tryptic peptides from the oxidized protein were detected that corresponded to the doubly charged parent ion of TCK-TCK (\[M + 2H\]^2+^; *m*/*z* of 392.16) and the triply charged parent ion of TCK-LLETECPQYIR (\[M + 3H\]^3+^; *m*/*z* of 585.61). Collision-induced dissociation (CID) fragmentation of these ions resulted in partial y and b ion series that confirmed the identity of the cross-linked peptides ([Fig. 6](#fig6){ref-type="fig"}B and C).

The abundance of TCK-TCK (392.16 m/z) and TCK-LLETECPQYIR (585.61 m/z) present in tryptic digests were determined for calprotectin, and calprotectin treated with a two, or ten-fold molar excess of hypochlorous acid ([Fig. 6](#fig6){ref-type="fig"}D and E). In the absence of hypochlorous acid, no cross-linking was detected. Conversely, TCK-TCK and TCK-LLETECPQYIR cross links were observed upon treatment with a two-fold molar excess of hypochlorous acid. After treatment with a ten-fold molar excess of hypochlorous acid formation of the TCK-TCK cross link decreased ([Fig. 6](#fig6){ref-type="fig"}D), while formation of the TCK-LLETECPQYIR cross link increased ([Fig. 6](#fig6){ref-type="fig"}E). These findings matched the SDS-PAGE results, where increasing doses of hypochlorous acid produced more A8-A9 heterodimer at the expense of the A9-A9 homodimer. When the oxidized protein was reduced with DTT, the cross links were no longer detected, further confirming that the cross links were joined by disulfide bonds.

The rate constant for reaction of hypochlorous acid with the thiol residues on calprotectin was estimated using competition kinetics studies whereby methionine was used to scavenge hypochlorous acid and prevent it from producing reversible dimers. The extent of dimer formation with increasing concentrations of added methionine was assessed by SDS-PAGE ([Fig. 7](#fig7){ref-type="fig"}A). Under the reaction conditions, we assumed that, in the absence of methionine, hypochlorous acid reacts almost exclusively with Cys2 on A9. This assumption is based on our finding that at sub-stoichiometric concentrations of oxidant A9-A9 cross links predominated. Hypochlorous acid would convert Cys2 to a sulfenyl chloride which would then react either with another Cys2 to form A9-A9 dimers or with an adjacent A8 cysteine to form an A8-A9 dimer. To support this assumption, at a two-fold molar excess of hypochlorous acid there was minimal oxidation of methionine residues ([Supplementary Table 3](#appsec1){ref-type="sec"}), no evidence of alternative cysteine oxidation products or formation of irreversible cross links ([Fig. 4](#fig4){ref-type="fig"}). Added methionine would compete with the thiol residues for oxidation by hypochlorous acid, and the amount of dimer formed should reflect the amount of thiol oxidized. Dimer formation should be independent of the subsequent slow steps involved in coupling of a non-oxidized cysteine residue with an oxidized cysteine. In the absence of added methionine, hypochlorous acid caused formation of A9-A9 and A8-A8 cross links, with the former predominating ([Fig. 7](#fig7){ref-type="fig"}A). Adding increasing concentrations of methionine to the reaction mixture decreased the formation of both dimers. When dimer formation was quantified by densitometry, it was apparent that methionine caused progressive inhibition of the cross links ([Fig. 7](#fig7){ref-type="fig"}B and C). Formation of A9-A9 and A8-A9 was inhibited by 50% at methionine concentrations of 16.8 μM and 9.5 μM, respectively. Using equation [(1)](#fd1){ref-type="disp-formula"} and the known rate constant for the reaction of methionine with hypochlorous acid (3.4 × 10^7^ M^−1^ s^−1^) \[[@bib36]\], the rate constant for reaction of hypochlorous acid with Cys2 was calculated to be either 6 × 10^7^ M^−1^ s^−1^ (±0.3 × 10^7^ M^−1^ s^−1^) or 3 × 10^7^ M^−1^ s^−1^ (±0.2 × 10^7^ M^−1^ s^−1^), respectively. Given the complexity of dimer formation and the limited resolving power of SDS gels, our values are best described as estimates of the true rate constant. They should be used only to give an indication as to whether the reactions are fast enough to be physiologically relevant. We conclude that the rate of Cys2 oxidation and subsequent dimer formation is fast and comparable to that for reactions of hypochlorous acid with typical cysteine residues.Fig. 7**Estimation of the rate constant for oxidation of A9 Cys2 by hypochlorous acid. (A)** Control (C) is untreated calprotectin, with the remaining lanes containing calprotectin (10 μM) treated with increasing concentrations of methionine (0--160 μM), followed by addition of hypochlorous acid (HOCl) (5 μM). Proteins were separated by 15% SDS-PAGE gels (made in-house) under non-reducing conditions and stained with Coomassie Blue. Densitometry was used to estimate the percent loss of the **(B)** A9-A9, and **(C)** A8-A9 dimers with increasing concentrations of methionine relative to the 0 μM methionine control. Data are fitted by a line of best fit and are representative of two separate experiments.Fig. 7

Overall, we conclude that the reversible cross-links formed when calprotectin is oxidized by hypohalous acids involve the cysteine residues on A8 and A9. These reactions are fast enough to compete with other reactions of hypochlorous acid at sites of inflammation.

3.5. Hypochlorous acid-induced oxidation affects the quaternary structure of calprotectin {#sec3.5}
-----------------------------------------------------------------------------------------

Next we wanted to determine how oxidative cross-linking of calprotectin affected the proteins quaternary structure ([Fig. 8](#fig8){ref-type="fig"}). To do this, analytical ultracentrifugation was used to estimate the molecular mass of the species in solution taking into account both non-covalent and covalent protein interactions. Purified calprotectin was present predominantly as a single 23 kDa species in solution ([Fig. 8](#fig8){ref-type="fig"}A, peak at 2.05 S), consistent with that of a non-covalent heterodimer of A8 (10.8 kDa) and A9 (13.2 kDa). Treatment of calprotectin with excess calcium to saturate the calcium binding sites has been shown to promote tetramer formation \[[@bib18],[@bib20],[@bib58]\]. Our results were consistent with previous studies as treatment of calprotectin with excess calcium caused the protein to form a tetramer (43.0 kDa), and possibly an octamer (81.6 kDa) ([Fig. 8](#fig8){ref-type="fig"}B and C).Fig. 8**Sedimentation coefficient distributions of calprotectin and oxidized calprotectin treated with excess calcium before or after oxidation.** Sedimentation coefficient distributions were obtained for **(A)** calprotectin (Cal) (0.1 mg/ml), **(B, C)** calprotectin (0.1 mg/ml) treated with 1 mM CaCl~2~, **(D)** calprotectin (0.1 mg/ml) treated with 2 x molar excess of hypochlorous acid (HOCl), calprotectin (0.1 mg/ml) treated with 2 x HOCl **(E)** before or **(F)** after addition of 1 mM CaCl~2~, **(G)** calprotectin (0.1 mg/ml) treated with 10 x HOCl, calprotectin (0.1 mg/ml) treated with 10 x HOCl **(H)** before or **(I)** after addition of 1 mM CaCl~2~ by fitting sedimentation data to a *c*(*s*) model in SEDFIT. A representative trace of two separate experiments is shown for A-D and G. A trace of one experiment is shown for E, F, H and I.Fig. 8

When calprotectin was oxidized with a two-fold molar excess of hypochlorous acid the quaternary structure appeared to be largely unaffected, with the heterodimer (2.05 S, 23 kDa) still the dominant species in solution ([Fig. 8](#fig8){ref-type="fig"}D). A small proportion of a higher molecular mass species was also detected at 3.2 S, with a molecular mass of approximately 41 kDa, indicating possible tetramer formation. When calcium was added either after ([Fig. 8](#fig8){ref-type="fig"}E) or before ([Fig. 8](#fig8){ref-type="fig"}F) hypochlorous acid, substantial changes were apparent in the structure of calprotectin. Tetramer formation occurred (peak at 3.6 S), but about a third to a half of the protein formed additional higher molecular mass structures (peaks from 4 to 10 S). There was also considerable broadening of the peaks compared to the non-oxidized protein ([Fig. 8](#fig8){ref-type="fig"}B).

Calprotectin oxidized with a ten-fold molar excess of hypochlorous acid was present predominantly as a single species in solution ([Fig. 8](#fig8){ref-type="fig"}G), with a mass consistent with that of the heterodimer (23 kDa). However, the peak was much broader than the non-oxidized protein, suggesting the presence of increased heterogeneity that may be caused by local unfolding of the protein with higher levels of oxidation. Calprotectin oxidized with a ten-fold molar excess of hypochlorous acid was less effective at forming the tetramer in the presence of excess calcium ([Fig. 8](#fig8){ref-type="fig"}H), which is also consistent with local unfolding of the heterodimer that blocks tetramer formation. Pre-treatment of calprotectin with calcium to promote tetramer formation appeared to protect calprotectin from structural destabilisation (i.e. local unfolding) caused by oxidation, although there was still considerable broadening of the peaks ([Fig. 8](#fig8){ref-type="fig"}I). Thus, high levels of oxidation can be expected to alter the structure of calprotectin but more so in the absence than the presence of calcium.

Collectively, these results demonstrate that even low levels of oxidation will substantially modify the quaternary structure of calprotectin. High levels of oxidation will damage the protein but this may be tempered by prior binding of calcium ions.

3.6. Oxidized calprotectin is more susceptible to proteolysis by neutrophil granule enzymes {#sec3.6}
-------------------------------------------------------------------------------------------

Low levels of protein oxidation can result in enhanced degradation compared with native proteins \[[@bib59]\]. Since neutrophils release calprotectin along with several proteases such as elastase, proteinase K, and cathepsin G, we determined whether oxidized calprotectin had an increased susceptibility to proteolysis by neutrophil proteases. Calprotectin and oxidized calprotectin were digested with a neutrophil granule extract (NGE) and loss of intact protein was monitored over time by LC-MS ([Fig. 9](#fig9){ref-type="fig"}). There was no significant difference in the rate of digestion between untreated calprotectin and calprotectin treated with a two-fold molar excess of hypochlorous acid. Calprotectin oxidized with a ten-fold molar excess of hypochlorous acid however, was significantly more susceptible to proteolysis at each of the time points, with almost complete digestion after 2 h incubation ([Fig. 9](#fig9){ref-type="fig"}A). A ten-fold excess formed predominantly the A8-A9 cross link, as well as further oxidation of calprotectin monomers and dimers shown by addition of oxygen atoms ([Fig. 5](#fig5){ref-type="fig"}E). Because the loss of the protein peak containing all of these species was monitored, the increased susceptibility could not be ascribed to one of the modified species in particular. However, treatment of calprotectin with a two or ten-fold molar excess of hypothiocyanous acid resulted in formation of the A8-A9 cross link exclusively ([Fig. 5](#fig5){ref-type="fig"}D and F), and rendered calprotectin significantly more prone to digestion indicating that the A8-A9 cross link is responsible for the increased susceptibility to proteolysis ([Fig. 9](#fig9){ref-type="fig"}B). Native calprotectin and calprotectin oxidized with a two or ten-fold molar excess of hypochlorous acid were stable over 4 h at 37 °C in the absence of neutrophil proteases (data not shown). Since hypothiocyanous acid produces predominantly A8-A9 cross links and little observable protein oxidation, we conclude that at moderate levels of oxidation of calprotectin where A8-A9 cross-links form, the protein becomes susceptible to proteolysis.Fig. 9**Susceptibility of calprotectin and oxidized calprotectin to proteolysis by a neutrophil granule extract.** Calprotectin (Cal) (10 μM), or calprotectin treated with a 2 or 10 x molar excess of **(A)** hypochlorous acid (HOCl) or **(B)** hypothiocyanous acid (HOSCN) was digested with a neutrophil granule extract (NGE) for 0--4 h at 37 °C. Reactions were stopped by the addition of 0.6% formic acid. An aliquot of each sample was injected for analysis by LC-MS. The AUC of the intact protein peak was determined and normalized to the zero-time point. Each data point represents the mean ± SD from three separate experiments. Differences between groups were determined using one-way ANOVA with Dunnett\'s multiple comparison test, \* indicates a significant difference (p \< 0.05) when compared to untreated calprotectin for each time point.Fig. 9

4. Discussion {#sec4}
=============

We propose that at sites of inflammation and infection, activated neutrophils release their calprotectin into the extracellular milieu where it binds calcium ions and forms mainly heterotetramers (A8/A9)~2~. When calprotectin is oxidized by hypochlorous acid, hypothiocyanous acid, or chloramines at low oxidant to protein ratios, calprotectin will be converted to a mixture of structures including dimers, tetramers and oligomers. Some of these structures will contain A8-A9 and A9-A9 disulfide bonds. In particular, the oligomers are likely to be composed of tetramers linked via A9 cysteine residues. It is possible that these modified forms of calprotectin differ in function. At high oxidant to calprotectin ratios, the tetramers will predominate and contain internal cross links between adjacent A8 and A9 monomers. Internally cross-linked calprotectin will be degraded by co-released neutrophil proteases. Proteolysis will lead to a loss of metal binding capacity and release of calprotectin peptides.

In support of our proposal, substantial proportions of calprotectin were present as reversibly cross-linked dimers in saliva of healthy individuals, or lavage fluid from the lungs of patients with respiratory infections, cystic fibrosis or cancer. Interestingly, A9-A9 cross links were obvious only in calprotectin from the airways of children with cystic fibrosis. In our *in vitro* work with purified calprotectin, A9-A9 cross links were formed only at low oxidant to protein ratios. Hence, it is likely that the concentration of calprotectin exceeded that of oxidants only in cystic fibrosis. Indeed, it is known that large amounts of calprotectin are released by neutrophils in cystic fibrosis. In fact, calprotectin was originally called the cystic fibrosis antigen due to its extremely high concentration in serum from cystic fibrosis patients compared to healthy individuals \[[@bib60]\].

Previously, our group detected irreversible cross-linking between A8 and A9 calprotectin subunits in the BAL fluid from patients with cystic fibrosis, and in stool samples from patients with IBD \[[@bib53]\]. Similar studies have detected irreversible complexes of A9 in brain extracts from patients with Alzheimer\'s disease \[[@bib61]\], and of A8 and A9 in extracts from human atherosclerotic arteries \[[@bib62]\]. Although we found that reversible cross-linking of calprotectin subunits made up the majority of the total cross-linked calprotectin *in vivo,* we also observed cross-linking of calprotectin to other proteins, as shown by detection of higher molecular mass bands reacting to calprotectin antibodies. Lim et al. reported disulfide bond formation of A9 with the small molecular mass thiol glutathione, and showed this modification regulated inflammatory processes of calprotectin by decreasing neutrophil binding to the extracellular matrix \[[@bib63]\]. Together, these results highlight the importance of future work to elucidate the functional consequences of reversible calprotectin cross-linking to itself, other proteins, and low molecular mass thiols.

Our finding that neutrophils cross-link calprotectin mostly after its release into the extracellular medium has important implications for how the physiological functions of calprotectin are affected by oxidation, which will be strongly influenced by the local concentration of calcium ions. Calprotectin is reported to be present *in vivo* predominantly as a non-covalent heterodimer of A8 and A9 (∼24 kDa) \[[@bib19]\], and forms heterotetramers (∼48 kDa) in the presence of excess calcium \[[@bib20],[@bib58],[@bib64]\]. Within the cytosol of neutrophils, where the calcium ion concentration is low (∼0.1 μM) \[[@bib65]\], calprotectin will exist as a non-covalent heterodimer of A8 and A9. When neutrophils are stimulated, intracellular calcium ion concentrations rise approximately 100-fold \[[@bib65]\]. This increase in calcium will cause a small amount of calprotectin to form heterotetramers. Our data suggests that intracellular oxidation of calprotectin occurs to a limited extent but, if it does occur, the protein\'s heterodimeric form will be modified. However, once released from neutrophils into the extracellular milieu, where calcium ion concentrations are in the millimolar range, essentially all the calprotectin will be present as heterotetramers. Thus, oxidants produced by MPO outside of neutrophils can be expected to modify calprotectin heterotetramers. Hydrogen peroxide likely diffuses across the cell membrane, while MPO may be exported from neutrophils by degranulation, via microvesicles \[[@bib66]\], bound to neutrophil extracellular traps (NETs) \[[@bib67]\] or as a result of passive release from necrotic neutrophils.

Under physiological conditions hypochlorous acid, hypothiocyanous acid and chloramines can be expected to be the main oxidants that reversibly modify calprotectin. Stephan et al. reported that recombinant calprotectin was susceptible to hydrogen peroxide modification, however, the concentration used was 100 μM and required several hours of incubation to afford appreciable formation of A8-A9 and A9-A9 \[[@bib68]\]. Hydrogen peroxide is unlikely to promote cross-linking *in vivo* because it reacts comparatively slowly with most thiols and its concentration will at most be in the low micromolar range \[[@bib69]\]. A9-A9 cross-links formed at low oxidant to protein ratios, but these cross links declined as the oxidant to protein ratio increased, and A8-A9 cross links became increasingly dominant. The changing pattern of cross links with the degree of oxidation is best explained by the relative accessibility of the cysteine residues involved in the cross links. The Cys2 residue on A9 is freely exposed on a flexible strand whereas the Cys42 residue on A8 is located between α helices and would be less accessible to oxidants ([Fig. 1](#fig1){ref-type="fig"}). At low ratios of oxidant, some of the Cys2 will be oxidized, presumably to a sulfenyl halide intermediate. This oxidized residue must react preferentially with another Cys2 residue to form the A9-A9 cross link. At higher ratios of oxidant, all the Cys2 residues can be expected to form sulfenyl halides so they can then react only with the adjacent Cys42 on A8 to form A8-A9 cross links. In addition to cysteine, hypochlorous acid also reacts with other amino acid residues, in particular methionine \[[@bib36]\]. Because calprotectin contains seven methionine residues, some of which are surface exposed, a proportion of the hypochlorous acid will promote methionine sulfoxide formation instead of cross-linking, as shown by LC-MS ([Supplementary Table 3](#appsec1){ref-type="sec"}). In contrast to hypochlorous acid, hypothiocyanous acid reacts very slowly with methionine (*k* \< 10^3^ M^−1^ s^−1^) and is selective for cysteine residues \[[@bib70],[@bib71]\]. Therefore, a two-fold molar excess of hypothiocyanous acid was sufficient to promote the A8-A9 cross link exclusively. There would be a near complete oxidation of the Cys2 residues even at low oxidant ratios, which would then rapidly couple with adjacent Cys42 residues to form the A8-A9 cross link. Analysis of oxidized calprotectin by mass spectrometry confirmed that the dimers observed on SDS gels were in fact cross links of A9-A9 or A8-A9, and established that the reversible cross links involved the Cys2 and Cys42 residues. Also, our estimates of the rate constants for formation of the cross links, although imprecise, established that these reactions are fast and are likely to occur *in vivo* where calprotectin is present in relatively high concentrations compared to other targets for hypohalous acids.

Structural analysis of calprotectin confirmed results of previous studies that at millimolar concentrations of calcium ions, calprotectin exists mainly as the heterotetramer (A8/A9)~2~. Calcium-induced tetramer formation has been shown to be essential for the biological function of calprotectin. Specifically, lack of tetramer formation was associated with inability of calprotectin complexes to promote formation of microtubules \[[@bib64]\]. We found that at low oxidant to protein ratios the heterotetramer readily formed oligomers. Under the same reaction conditions, calprotectin was seen as A9-A9 dimers on SDS gels and by whole protein mass spectrometry, and the linkage was characterized as a disulfide bond between two Cys2 residues. In support of our current work, we previously showed that the Cys2 of A9 is the residue in calprotectin that is most susceptible to oxidation \[[@bib34],[@bib72]\]. Thus, it is likely that the Cys2 residues on a calprotectin heterotetramer can link neighbouring heterotetramers via disulfide bonds to form chains of calprotectin. This amalgamation of calprotectin heterotetramers would be expected to occur at low oxidant fluxes where some of the Cys2 residues are oxidized and then couple with adjacent non-oxidized Cys2 residues. Functionally, it is possible that these calprotectin chains would concentrate the metal binding capacity of the protein so that it competes more effectively with bacterial siderophores for essential metal ions.

However, when neutrophils generate high fluxes of oxidants, the function of calprotectin is expected to change because A8-A9 cross links will be favoured. Intermolecular cross-linking between A8 and A9 monomers is facilitated by the non-covalent heterodimeric and heterotetrameric structures of calprotectin. Cross-linking between A8 and A9 cysteine residues is unlikely to dramatically alter the quaternary structure of calprotectin, due to the close proximity of cysteine residues and flexible nature of the A9 cysteine close to the N-terminal ([Fig. 1](#fig1){ref-type="fig"}). The close proximity of A8 and A9 cysteine residues within the heterodimer, and their reactivity with hypochlorous acid *in vivo*, suggests that formation of A8-A9 disulfides may act as a redox switch, regulating the function of calprotectin at sites of infection and inflammation.

High oxidant fluxes will also facilitate proteolysis of calprotectin. We found that formation the A8-A9 cross links was sufficient to increase the susceptibly of calprotectin to proteolysis. This was apparent when comparing the effects of hypochlorous acid and hypothiocyanous acid on proteolysis. Hypochlorous acid increased susceptibility to proteolysis only at high oxidant ratios whereas a two-fold molar excess of hypothiocyanous acid to protein was sufficient to significantly increase protein degradation by the NGE. Hypochlorous acid reacts with a wide range of amino acid residues, and promoted formation of various oxidation products, such as A9-A9 and A8-A9 cross links, as well as oxidation and fragmentation of the A8 and A9 calprotectin subunits ([Fig. 5](#fig5){ref-type="fig"}). In contrast, hypothiocyanous acid reacts selectively with cysteine residues, and promoted formation of the A8-A9 cross link exclusively. The increased susceptibility of calprotectin oxidized with hypothiocyanous acid to proteolysis therefore suggests that the A8-A9 cross link alone is sufficient to enhance proteolysis. This could possibly be mediated by local unfolding of the protein as demonstrated by analytical ultracentrifugation showing broadening of the peak after treatment with a ten-fold molar excess of hypochlorous acid ([Fig. 8](#fig8){ref-type="fig"}G).

As a consequence of proteolysis, the metal ion binding capacity of calprotectin will be lost as it is slowly degraded. Calprotectin cleavage products may themselves have novel functions that warrant further investigation. For example, the A8 N-terminal peptide MLTELEKALNSIID has been detected in pancreatic cancer tissue and can impair glucose metabolism \[[@bib73]\]. Calprotectin levels are currently monitored as a marker of neutrophil activation during inflammation, particularly as a fecal marker in IBD \[[@bib74], [@bib75], [@bib76], [@bib77], [@bib78]\]. The increased susceptibility of oxidized calprotectin to proteolysis reported in this study is an important consideration when interpreting calprotectin levels measured by commercial ELISA. Extensive proteolysis of calprotectin at sites of inflammation, or during storage of clinical samples, will lower the calprotectin concentration so that its measurement will under-estimate the true level of inflammation.

The extent of cross-linking of calprotectin detected *in vivo* may depend on the amount of truncated A9 present. A9 exists as two isoforms, the full length and the truncated form. Full-length A9 accounts for approximately 72% of total A9 \[[@bib63]\] and it is possible that the relative amount of truncated A9 may vary between individuals. The truncated A9 isoform has an alternate translation start site at the codon for Met4 and accordingly does not contain the Cys2 residue \[[@bib79]\]. Truncated A9 would therefore be unable to cross-link with other A8 or A9 monomers via disulfide bonds. Calprotectin cross-linking or over-oxidation of the cysteine residue to sulfinic or sulfonic acid may result in either a loss or gain in protein function. Future studies assessing the proportions of truncated A9 in individuals would be interesting, as a higher proportion of truncated A9 may be advantageous or detrimental depending on how protein function is altered by oxidation.

A major strength of our work was that we used physiologically relevant calprotectin, oxidants and proteases. We used calprotectin purified from human neutrophils, which consisted of A8, full-length A9, and the truncated A9 isoform, employed the dominant neutrophil-derived oxidants, hypochlorous acid and hypothiocyanous acid, and investigated proteolysis using human neutrophil proteases. Our results are in-line with a just published study showing that the A8-A9 disulfide was more susceptible to proteolysis likely due to protein destabilisation \[[@bib68]\]. However, Stephan et al. \[[@bib68]\] used recombinant human calprotectin under non-physiological conditions, i.e. the protein was oxidized with 100 μM hydrogen peroxide and digested with trypsin. It is also important to note that in several previous studies recombinant calprotectin was used with mutated cysteine residues to avoid artefactual oxidation and its potential impact on function \[[@bib80], [@bib81], [@bib82]\]. We propose that future studies should consider that calprotectin is readily oxidized at sites of infection and inflammation. Studying only the function of non-oxidized calprotectin may provide an incomplete picture of all physiologically relevant functions of this protein.

In conclusion, we have shown that the cysteine residues of calprotectin are readily oxidized by hypohalous acids and form cross-links *in vivo*. Formation of disulfide bonds between the subunits of calprotectin modifies the protein\'s structure and increases its susceptibility to proteolysis. Future work should be aimed at determining whether oligomers of calprotectin heterotetramers (A8/A9)~2~ are produced during inflammation, whether the A8-A9 cross link affects the metal binding capacity of calprotectin, and if the proteolytic peptides of calprotectin play a role in host defence.
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